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a b s t r a c t

Industrial valorisation of low cost and renewable biomass as raw precursor of activated carbon for environ-
mental applications is an interesting alternative to costly commercial activated carbons. In this study, the
possible use of Mediterranean, Posidonia oceanica fibrous biomass, as a precursor for chars and physically
activated carbons, is investigated. Firstly, the raw marine material was chemically and biochemically char-
acterised throughout dry-basis elemental, X-ray photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM) analysis. Then, several P. oceanica chars were prepared and characterised under differ-
eywords:
osidonia fibres
har
hysical activation
dsorption

ent pyrolysis times and temperatures. In addition, physically activated carbons (PACs) were produced via
water steam flow under various activation periods.

The results showed that the pyrolysis induces the creation of pores at different levels with respect to the
involved temperature. Thereafter, the physical activation tends to enhance the development of the porous
structure. In that issue, the performed Brunauer–Emmett–Teller (BET) and Barrett–Joiner–Halenda (BJH)
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odelling analysis revealed that the
fraction of micropores.

. Introduction

Adsorption techniques have gained favour in recent years
ecause of their proven efficiency in industrial purification of
oth liquid and gaseous media, and chemical recovery operations.

n that issue, the most extensively used sorbents are definitely
ctivated carbons (ACs). In general, they are particularly advan-
ageous because of their high internal surface areas (typically in
he range of 500–2500 m2/g) and functionalised surfaces (generally
cido–basic sites). Indeed, adsorption characteristics of activated

arbon are mainly determined by its porous structure (magnitude
nd distribution of pore volume) and surface chemistry (due to
eteroatomic functional groups), which make AC very versatile
orbent-materials.

∗ Corresponding author at: Laboratoire de chimie, Institut Supérieur
gronomique, Chott Meriem 4042, Sousse, Tunisia. Tel.: +216 73348546

ax: +216 73348691.
E-mail address: ncibi mc@yahoo.com (M.C. Ncibi).
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ared PACs have a mainly mesoporous inner morphology with a varying

© 2008 Elsevier B.V. All rights reserved.

Nevertheless, the properties and suitability of activated carbons
owards specific applications is dictated in large measure by the
recise character of the porosity of the carbon. In particular, the size,
hape and the distribution of pores, as well as their surface chem-
stry heavily influence the characteristics of the porous material
nd its suitability for a given application [1–3].

Basically, ACs use to be produced from natural materials such as
ood, peat lignite and bones, which would increase the overall pro-
uction cost. Recently, many alternative biological materials with

ow or null cost have been used as precursors in the production
rocess of activated carbons including cottons stalks [4], agricul-
ural by-products [5], Eucalyptus [6], date pits [7], fruits stones and
hells [8] and bamboo [9].

When using AC, the adsorption process results from interactions
etween the carbon surface and the adsorbate. These interactions

an be electrostatic or non-electrostatic. When the adsorbate is an
lectrolyte that dissociates in aqueous solution, electrostatic inter-
ctions occur; the nature of these interactions, that can be attractive
r repulsive, depends on the: (i) charge density of the carbon sur-
ace; (ii) chemical characteristics of the adsorbate; and (iii) ionic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ncibi_mc@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.09.126
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trength of the solution. Non-electrostatic interactions are always
ttractive and can include: (i) van der Waals forces; (ii) hydrophobic
nteractions; and (iii) hydrogen bonding.

Activation can be accomplished by one of two distinct processes:
i) chemical activation or (ii) physical activation. The porosity of
hemically activated products is generally created by dehydration
eactions occurring at significantly low temperatures with chem-
cal agents such as phosphoric acid, potassium hydroxide, zinc
hloride, etc. The fabrication of activated carbon produced by phys-
cal activation involves two main steps: carbonisation of the raw

aterial in absence of oxygen, and activation of the carbonised
roduct with water vapour, carbon dioxide or air (the air being care-
ully introduced in the reactor in order to prevent carbon–oxygen
asification [10]).

To our knowledge, Posidonia oceanica (L.) fibres balls were not
tudied so far as activated carbon precursor. Thus, in this research,
e attempt to valorise such renewable, low cost, easily available

nd highly abundant marine biomass in producing raw char (pyrol-
sis only) and physically activated carbons PACs (pyrolysis and
team activation). The effect of some treatments (heating time and
emperature) will be investigated, as well as an exhaustive textu-
al and chemical characterisation of the produced carbonaceous
aterial (char and PACs).

. Materials and methods

.1. Precursor preparation and characterisation

P. oceanica leaf sheaths (basal parts of leaves of the Mediter-
anean seagrass) were collected from Chott-Meriem bay (Sousse,
unisia). The fibres are manually separated, washed thoroughly
ith distilled water to remove salt and then dried in an oven at

0 ◦C for 48 h to a constant weight. After drying, the fibres were
mmediately stored in desiccators.

Then, an elemental (C, H, O, N, K, P, Ca, Na, Fe) content were deter-
ined using a Carlo Erba 1106 Elemental Analyzer. Furthermore,

he estimation of the biochemical content (i.e. cellulose, hemicellu-
ose, lignin and extractives), as well as the textural characterisation
scanning electron microscopy) were also carried out. The biochem-
cal composition was determined by performing standards analyses
or lignin (Klason lignin), pentosan (as hemicellulose) and cellulose
Kurssher and Hoffer method), for which the technical procedures
as been previously described [11]. The ash content was estimated
y heating the sample at 550 ◦C in a muffle furnace for 2 h in the
resence of air and until no mass variation was observed [12]. The
oisture content was calculated by weight difference employing a
uffle oven and heating the sample (2 g) at 105 ◦C until the dried
atter become constant [12].

.2. Thermogravimetric analysis

The experiments were performed using a Setaram France TG-
SC 111, G11 instrument. 8.76 mg of the Posidonia sample is heated

n a thermobalance from 25 to 700 ◦C at a heating rate of 10 ◦C/min,
nder an argon flow of 80 mL/min.

.3. Char fabrication

Preparation of chars from raw P. oceanica fibres was carried out
y carbonising an acutely weighted amount of the marine biomass.

yrolysis consisted of slow heating in a horizontal quartz tube and
nserted into a horizontal furnace (Thermolyne F 21100) under a
itrogen flow of 80 mL/min. The biomass sample was placed on a
upport in the middle of the hot zone of the reactor and heated
t a controlled heating rate of 10 ◦C/min to the final temperature

t
o
X
t
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nd held at that temperature for 1 and 2 h, respectively. Different
arbonisation temperatures were investigated (300, 400, 500, 600,
00 and 800 ◦C). Once finished, the residual char was removed from
he reactor and weighed to estimate the weight loss of the sample
i.e. difference in weight before and after pyrolysis).

.4. Physical activation protocol

The approach used in this study to fabricate PACs is the
imultaneous pyrolysis-activation process. Thus, the biomass was
yrolysed as mentioned in the previous section under 600 ◦C of
emperature and 1 h of heat exposure (i.e. those operating condi-
ions lead to an average weight loss of about 62%). Thereafter, the
har derived from the pyrolysis step was activated in the same reac-
or at a water steam flow rate of 80 mL/min. The sample was heated
t 10 ◦C/min to the final temperature of 600 ◦C. Then, the result-
ng materials were washed with water in a Soxhlet extractor. The
ffect of activation time was investigated in this research for values
etween 20 and 720 min. The burn-off or degree of carbon loss was
alculated as follows:

urn-off = (w1 − w2)
w1

× 100 (%) (1)

here w1 is the initial dry char weight (g) and w2 the mass of char
fter activation (g).

.5. Chemical and textural characterisation

Adsorption characterisation for chars and PACs produced from
. oceanica at different pyrolysis and activation times was deter-
ined via nitrogen adsorption at 77 K and a relative pressure

P/P0) range of 0.001–1 using a Coulter SA3100 sorptiometer. The
runauer–Emmett–Teller (BET) total surface area was calculated

rom the adsorption isotherms using the BET equation where
onolayer coverage of nitrogen molecules is assumed to be com-

lete. To conduct calculations using the BET model, it was assumed
hat the surface area, SBET, is related to the monolayer capacity by
he Eq. (2).

BET =
(

nm

22400

)
amL (m2/g) (2)

here nm is the monolayer capacity of the solid, defined as the
mount of adsorbate which can be accommodated in a completely
lled, single molecular layer on the surface of unit mass (1 g) of
he solid (mg/g), 22,400 (mL) is the occupied volume of a mol
f N2 at STP (i.e. standard temperature and pressure), am is the
verage surface occupied by a molecule of the N2 in the com-
leted monolayer (16.2 × 10−20 m2) and L is the Avogadro constant
6.023 × 1023 molecules). The pore size distribution was estimated
sing the Barrett–Joiner–Halenda (BJH) equation during the des-
rption phase [13]. In that issue, the BJH method is based on the
elvin equation, which relates the relative pressure of nitrogen in
quilibrium with the porous solid to the size of the pores where
apillary condensation takes place. The pore size radii covered by
he BJH calculations ranged from 17 to 3000 Å [14].

Besides, the surface properties of the ACs were measured by
PS (X-ray photoelectron spectroscopy). XPS measurements were
onducted on an Axis-Ultra DLD Model from KRATOS, equipped
ith a hemispherical electron analyzer and a monochromatised
l-K (1486.6 eV) X-ray exciting source. Thanks to the high sensi-
ivity of the DLD detector a source power of 90 W was enough to
btain high quality spectra in a reasonable acquisition time. The
PS allows identification and quantification of the elements and

he functional groups on the surface of ACs. As the samples were
onducting materials, no charge correction was applied to the spec-
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Table 1
Elemental analysis, biochemical content, ash and moisture of raw P. oceanica fibres
(wt.%, dry basis).

Content (% dry basis)

Biochemical composition
Cellulose 38
Hemicellulose 21
Lignin 27
Extractives 12.2

Elemental analysis
Carbon 42.10
Oxygen 34.66
Hydrogen 6.44
Sodium 0.49
Calcium 2.48
Potassium 0.48
Sulfur 3.78
Nitrogen 1.52
Magnesium 1.12
Phosphorus 0.05
Iron 97.8 ppm
Magnesium 195.2 ppm
Manganese 34.9 ppm
Zinc 8.8 ppm
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ra. The instrument work function was calibrated to give a binding
nergy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and
he spectrometer dispersion was adjusted to give a BE of 932.62 eV
or Cu 2p3/2 line for metallic copper.

In addition, a scanning electron microscope (SEM) equipped
ith an energy dispersive X-ray microanalysis (Hitachi S-2500) was
sed to determine the surface textural characteristics and elemen-
al composition of the experimented sorbents. The chars and PACs
ere firstly mounted on an aluminium stub, and for the case of the

aw posidonia, the fibres were covered with a thin layer of carbon.
hen, the microscope was operated at an accelerating voltage of
00 kV and a working distance of 35 mm.

. Results and discussions

.1. Raw precursor characterisation

The elemental, ash and moisture content analysis of dry P. ocean-
ca fibres, as well as the estimation of the biochemical content (i.e.
ellulose, hemicellulose, lignin and extractives) are illustrated in
able 1. The contents of carbon, hydrogen and oxygen were similar
o those previously reported in case of other lignocellulosic mate-
ials such as vetiver roots [3], cherry stones [15] and olive seed [16],
hich have a content of C = 46–49%, H = 5.7–6% and O = 39–46%.

Dealing with the biochemical composition, it was shown in
able 1 that holocellulose (cellulose + hemicellulose) constitutes
he major component at 59%, and the content of extractives and ash
re 12.2 and 1.8%, respectively. Besides, having a quite high lignin
ontent (about 27%), P. oceanica fibres could already be considered
s a promising biological precursor for activated carbon production
17].

Furthermore, the textural characterisation of the P. oceanica
bres was carried out via the SEM technique. Thus, external and
ransversal observations (Fig. 1A and B, respectively) were carried
ut on the P. oceanica fibres to have an idea on the precursor itself
nd, thereafter, to figure out the structural changes occurring on

his biomass once pyrolysis and activation are performed. Basi-
ally, the main observation is that the raw biomass has a typical
ompact lignocellulosic fibrous structure. Besides, the transver-
al section (Fig. 1B) shows that intrinsically raw P. oceanica is not
orous. Indeed, like all lignocellulosic-based fibres, the posidonia

3

r

Fig. 1. SEM images of raw P. oceanica fibres: externa
sh 1.8%

oisture 16%

nes are formed by several holocellulosic microfibres, which are
inked together via lignin.

On the other hand, the XPS analysis (Fig. 2) of raw P. oceanica
bres illustrates that for the marine precursor, the carbon content
1s is 42.10% and the oxygen O1s 34.66%, which agrees the pre-
iously realised elemental analysis (cf. Table 1). For the coming
xperiments, the XPS deduced O/C ratio would be an interesting
actor to investigate, mainly in order to monitor the carbonisation
rocess. The reference O/C ratio for this study (i.e. related to raw
bre) is about 0.82.
.2. Thermogravimetric behaviour

The thermogravimetric (TG) and differential thermogravimet-
ic (DTG) curves are presented Fig. 3. The (DTG) curve shows

l (A) and transversal section (B) micrographs.



M.C. Ncibi et al. / Journal of Hazardous Materials 165 (2009) 240–249 243

f
r
d
e

o
w
c
r
i
l
a
r
T
t
t
i
b

4
w

F

o
w
�

o
f

3

3

p
i
p
w
m
e
s
p
r
S
[

s
a

Fig. 2. XPS spectrum of raw P. oceanica fibres.

our peaks: the first one with a minimum around 80 ◦C, cor-
esponding to a mass loss (9.5%) that may be due to water
esorption, as previously proposed [18–20], with an endothermic
ffect (�H = 197.28 J/g).

The DTG curve exhibits a second peak around 290 ◦C, a third
ne around 330 ◦C and a last peak around 405 ◦C. In accordance
ith several authors proposal, this second peak around 290 ◦C may

orrespond to hemicellulose, with a weight loss of 11.5% (initially
epresenting 21% in the Posidonia oceanica (L.) fibres). For compar-
son, the peak corresponding to the weight loss of hemicellulose is
ocated at 340 ◦C for sugar cane bagasse as described by Várhegyi et
l. [21] and at 300 ◦C for olive stones [22]. The third peak would cor-
espond to the degradation of the cellulose (loss weight of 24.9%).
his component representing 38% of the weight of the fibre shows
he greater weight loss around 330 ◦C. Higher but similar tempera-
ure values were found for the degradation temperature of cellulose
n sugar cane bagasse (395 ◦C) and olive stones (380 ◦C) as reported

y Várhegyi et al. [21] and Caballero et al. [22], respectively.

The last peak corresponds to lignin degradation occurring at
00 ◦C similarly to the findings of the aforementioned authors. The
eight loss value of lignin is 9.7% for Posidonia. The degradation

Fig. 3. TG and DTG curves of P. oceanica fibres in argon atmosphere.
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ig. 4. Effect of pyrolysis temperature on the weight loss of the produced chars.

f the three component, cellulose, hemicellulose and lignin, occur
ith an exothermic effect with the corresponding enthalpy values,
H, −24.63 J/g, −31.91 J/g and −11.41 J/g, respectively.
Nevertheless, above 500 ◦C, no significant weight loss is

bserved, indicating that a temperature of 600 ◦C could be chosen
or preparation of the chars.

.3. Pyrolysed chars

.3.1. Effect of heating time and temperature
Several heating temperatures have been experimented in the

yrolysis process of raw P. oceanica fibres, as well as to heat-
ng period (1 and 2 h). As shown in Fig. 4, the increase in the
yrolysis temperature was proportional to an increase in the
eight loss. Indeed, from a temperature of 400–800 ◦C, the bio-
aterial loss in weight passed from 54.6 to 67.7%, for a heating

xposure of 1 h. The increase in temperature quickens the volatili-
ation reactions of the amorphous components which obstruct the
ores. Also, the temperature increase would enhance the gaseous
elease of carbon monoxide and water within the marine biomass.
uch tendency was previously mentioned by others researchers
17,23].

Dealing with the two heating times (1 and 2 h), no statistically
ignificant difference was depicted between the weight losses for
ll produced chars. For instance, for a temperature of 500 ◦C, the
eight loss was 59.4% for 1 h and 59.6 for 2 h (Fig. 4), which means

n error deviation less than 1% (3‰). However, a deeper investi-
ation has to be realised on that issue to find out the effect of
ncreasing the heating time on both chemical and textural com-
osition of the produced chars.

.3.2. Porosity and surface area
The adsorption capacity of carbonaceous matrices can be iden-

ified from their textural and physical characteristics including
orosity, surface area and pore size. Fig. 5 depicts the isotherm
f nitrogen adsorption at 77 ◦K for a sample of P. oceanica derived
har (pyrolysis at 600 ◦C for 1 h) and Fig. 6A the pore size distribu-
ion of the same sample. Basically, the low N2 adsorbed volume at

3
/P0 equal to unity (50.2 cm /g) indicated that the pyrolysis phase,
nder the used operation conditions, was not able to induce the
reation of a microporous structure. Such assumption will analyt-
cally be confirmed by studying the isotherm shape with respect
o the BDDT (Brunauer–Deming–Deming–Teller) classification of
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Fig. 5. Adsorption isotherm of nitrogen at 77 ◦K by P. oceanica derived char pyrolysed
at 600 ◦C for 1 h.
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ig. 6. BJH pore size distribution of a P. oceanica char sample (A) and some PACs
amples (B).

sotherms [24] and carrying out some calculations on the desorp-
ion phase, according to the BJH itinerary.

Hence, as shown on Table 2, the produced char provides a quite
ow BET surface (111 m2/g) and has essentially a mesoporous struc-
ure Indeed, 80% of its total pores are mesopores with pore width
omprised between 2 and 50 nm (i.e. a mesoporous volume equal
o 0.028 cm3/g, from a total porous volume of about 0.035 cm3/g).
he micropore proportion in that case is 11% of the total created
ores.

On the other hand, compared to the standard BDDT isotherm

lassification, the shape of the isotherm may be included in the
ype II, with a obvious increase of N2 amount retained at both very
ow values of P/P0 (<0.2) and higher relative pressure (0.8 < P/P0 < 1).
hus, the P. oceanica char was revealed to possess a low value

able 2
urface and porous texture parameters of P. oceanica derived char (pyrolysed at
00 ◦C for 1 h).

P. oceanica derived char

ET surface area (m2/g) 111
otal surface area (m2/g) 110
-Plot external area (m2/g) 141
otal pore volume (cm3/g) 0.035
icropore volume (cm3/g) (d < 2 nm) 0.004 (11%)a

esopore volume (cm3/g) (2 nm < d < 50 nm) 0.028 (80%)a

JH average pore width (nm) 16.99
ulk density (g/cm3) 0.594

a Porosity percentage; d: pore diameter.
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Fig. 7. XPS spectrum of P. oceanica derived chars pyrolysed at 600 ◦C for 1 h.

f micropores volume and a well-developed mesoporosity, which
onsolidate the previously mentioned assumption.

.3.3. Elemental and textural characterisation

.3.3.1. XPS spectroscopy. In order to investigate the variation of the
lemental composition within the upper 10 nm of the char surface,
he X-ray photoelectron spectrum (XPS) was recorded, in Fig. 7, for
he case of a char sample (pyrolysed at 600 ◦C for 1 h, as the char
ontains equal amounts of graphite and disorder carbons). Indeed,
PS is one of the most interesting methods frequently used for non-
estructive characterisation of coal surface [25].

The comparison based on the XPS analysis performed between
he char sample and its precursor (raw fibres) revealed, in Table 3,
hat the pyrolysis tends to increase the carbon fraction toward the
xygen one, mainly due to the volatilisation of the oxygenated com-
ounds.

.3.3.2. Scanning electron microscopy. Fig. 8A–D shows the scan-
ing electron microscope (SEM) images of the P. oceanica derived
hars, produced under several pyrolysis temperatures. Compared
o the precursor’s SEM presented in Fig. 1B, the pyrolysed fibres

tart to generate a porous structure from the lowest investigated
emperature (300 ◦C). Then, as the pyrolysis temperature increases,
he fibrous char begins to show more pores in its inner structure,
hich agrees the assumption made after the weight loss increase

evealed after the augmentation of the pyrolysis temperature (i.e.

able 3
ercent composition of O (1s) and C (1s) and related O/C ratios for raw P. oceanica
bres and derived char pyrolysed at 600 ◦C for 1 h.

O (1s) C (1s) O/C

aw P. oceanica fibres 34.66% 42.10% 0.82
. oceanica derived char (600 ◦C/1 h) 16.68% 66.01% 0.25
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Fig. 8. SEM images of P. oceanica derived chars pyrolysed for 1 h at

asification of organic compounds) and previously verified via XPS
nalysis.

Besides, an interesting image (Fig. 9) was taken for the inner wall
f a pore within the char produced at 600 ◦C for 1 h. It was revealed
hat the pyrolysis of the P. oceanica fibres would, in addition to the
reation of pores, induce a kind of stripy texture in the inner walls,
hich definitely would enhance the overall surface area.

.4. Physically activated carbons

.4.1. Effect of activation time
The effect of the physical activation time on the evolution of the

urn-off percentage is depicted in Fig. 10 for an exposure interval
rom 20 to 720 min. As shown, the activated carbon burn-off was
een to increase from 14.7 to 78.3% as activation period increased
rom 20 to 720 min. Such tendency is mainly explained by the
ncreasing rate of reaction between carbon and water steam which

eads to the enhancement of the volatilisation process. Indeed, the
ater steam had the ability to penetrate into the solid material

nd further helped in desorption, distillation and more efficient
emoval of the volatiles still remaining in the char [26]. It also
elped in stabilising the radicals obtained during thermal decom-

d
a

a
0

us temperatures: 300 ◦C (A), 400 ◦C (B), 700 ◦C (C) and 800 ◦C (D).

osition, hence increasing the removal of volatile matter [27]. The
ame trend was also mentioned for the case of oil palm wood [28].

.4.2. Porosity and surface area
From the eight previously produced PACs, four of them were

nalysed to monitor the effect of the physical activation on the evo-
ution of both surface area and porous structure (20, 120, 300 and
20 min of activation, i.e. 14.7, 23.4, 31.7 and 78.8% of burn-off). The
nalyses of the nitrogen adsorption of the selected PACs activated
arbons are shown in Fig. 11, the related BET and BJH calculations
llustrated in Table 4 and the pore size distribution of the some PACs
amples depicted in Fig. 6B.

Fig. 11 showed that an increase in the water steam activation
ime resulted in the production of activated carbons with nitro-
en adsorption isotherms containing three characteristic regions:
i) the nitrogen uptake increased linearly at P/P0 < 0.01; (ii) the first
nee of the isotherms became more open at 0.01 < P/P0 < 0.6–0.98,

epending on the activation time, and (iii) a second knee occurs
bove relative pressure 0.6–0.98.

Hence, based on the first part of the curves (P/P0 < 0.01), associ-
ted to the plateau reached for relative pressures between 0.01 and
.5 for all tested PACs, the shape resembles the type I of the BDDT
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Fig. 9. SEM image of the internal pore structure of the char pyrolysed at 600 ◦C for
1 h.
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Fig. 10. Effect of the water steam activation time on the burn-off variation.

lassification. Thus, it could be deduced that the physical activa-
ion was able to induce the creation of a microporosity in all PACs.
esides, the observed characteristics related to the second knee,

ndicated a significant development of the mesoporosity, which dif-
ers as the activation time is increased. Indeed, Fig. 10 indicated that
ncreasing the water steam activation period affected the shape of

he isotherms in the mesopore region, especially for the “PAC720”
ample. As shown, all isotherms contain a second knee in the meso-
nd macropore region indicating the occurrence of the important
rocess of pore widening.

t
c
i
c

able 4
urface and porous texture parameters of physically activated carbons derived from P. oce

ctivation time (min) 20
ET surface area (m2/g) 375
otal pore volume (cm3/g) 0.056
icropore volume (cm3/g) (d < 2 nm) 0.016 (28%)a

esopore volume (cm3/g) (2 nm < d < 50 nm) 0.036 (64%)a

JH average pore width (nm) 13.03
ulk density (g/cm3) 0.535

a Porosity percentage; d: pore diameter.
ig. 11. Adsorption isotherm of nitrogen at 77 ◦K by physically activated carbons
roduced at 600 ◦C and under different activation times.

However, the position of this knee changes slightly for PAC20,
20 and 300 (i.e. the related relative pressures decrease from 0.98,
.95 to 0.90, respectively). Such change in the shape of the N2

sotherm is clearly illustrated in the case of PAC720. Indeed, the
econd knee starts at relative pressure of about 0.60. Besides, its
verall isotherm shape tends to match the type IV curve, which is
raditionally attributed to the mesoporous solids.

All those assumptions, based on the BET analysis, were in per-
ect agreement with the BJH analysis. Indeed, as shown in Table 4,
he PACs (20, 120 and 300 min of activation) are mesoporous car-
ons with a significant fraction of micropores. For instance, the
ercent of mesoporosity of PAC20 is 64% with a microporosity
f about 28%. Besides, it has to be mentioned that within that
roup, the increase of the activation time leads to the augmentation
f the mesoporous fraction and the decrease of the microporous
ne. In that issue, from 20 to 300 min of activation, the mesopore
ercentage increases from 64 to 74% and the micropore fraction
ecreases from 28 to 13%. Thus, the mesoporosity seems to be
eveloped from the micropores, which occurs during the physi-
al activation gasification phase, resulting in loss of carbon. This
oss of carbon results in pore widening and the development of

esoporosity.
On the other hand, the PAC 720, which shows a classical Type II

hape, the major part of the induced porosity is mesoporous-type.
ndeed, as illustrated in Table 4, 86% of the pores are mesopores

ith only 2% of micropores. The same tendency was also reported
sing ACs derived from biomass flax fibre waste [29], coconut shell
nd two commercial ACs [30].

.4.3. Elemental and textural characterisation
o evaluate the changes in the chemical bonding states and
oncentrations of the surface functional groups related to the
ncrease of the activation time. According to the area-simulating
urve, the percentage of each functional group was calculated

anica fibres.

120 300 720
496 615 313

0.086 0.160 0.707
0.018 (21%)a 0.021 (13%)a 0.016 (2%)a

0.061 (71%)a 0.118 (74%)a 0.610 (86%)a

13.26 13.09 17.16
0.570 0.440 0.405
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Table 5
Distribution of carbon and oxygen forms occurring on the AC surface from XPS data (at.%).

PAC sample Peak from C1s spectrum binding energy (eV) Peak from O1s spectrum binding energy (eV)

(I) (II) (III) (IV) (V) (I′) (II′) (III′)

P 6.12
P 6.19
P 5.91
P 6.18
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AC60 43.51 24.39 20.49
AC120 46.31 23.45 20.20
AC180 51.51 19.29 19.16
1C420 51.46 18.47 18.36

or some PACs are listed in Table 5, and the C1s and O1s spec-
ra of a PAC sample (PAC300) are depicted in Fig. 12A and B,
espectively.

Thus, it was shown that the C1s spectrum has been decon-
oluted into five components with chemical shifts corresponding
o: (I) graphite type (284.1–284.4 eV); (II) amorphous carbon,
ydroxyl groups, phenolic, alcohol or ether aromatic carbon
284.8–285.2 eV); (III) carbonyl groups (285.5–286.1 eV); (IV)
arboxyl and ester groups (286.3–287.6 eV) and (V) a peak
orresponding to �–�* transitions in the aromatic carbon
289.5–290.0 eV) [16,22]. The O1s spectrum was fitted to three
omponents: (I′) C = O groups (530–531.6 eV); (II′) C–OH or C–O–C
roups (532.7–533.3 eV) and (III’) the last peak corresponding to
hemisorbed oxygen (534.8–535.7 eV) [31].

According to the related results, the increase of the activation
ime leads to the enhancement of the graphite carbon amount.
ndeed, from 60 to 420 min of exposure time, the percent atomic
oncentration increases from 43.5 to 51.5%. On the other hand, such
ctivation time rising exerts an influence of the amorphous “dis-

rdered” carbon by diminishing their fraction, proportionally (i.e.
4.4% for PAC60 to 18.5% PAC420).

Dealing with the oxygen fraction, it was seen that the major
xygenated components are the C O groups. Besides, it was also
hown that the fraction of the C OH or C O C groups increases

d
b

p

Fig. 12. XPS spectrum analysis on C1s (A) and O1s (B) apices of p
5.49 40.72 20.35 38.93
3.65 47.16 30.16 22.66
4.13 45.99 24.55 29.46
5.53 37.64 27.91 34.45

rom 20.3 to 27.9% as the activation time is increased from 60 to
20 min.

.4.3.2. Scanning electron microscopy. The SEM images presented
n Fig. 13, shows the evolution of the porous structure with respect
o the activation time, for some samples of P. oceanica PACs. Thus,
s the char is activated for longer periods, the pores begin to be
ore individualised and “clean”. Indeed, after the pyrolysis phase,

ome of the pores might have been blocked by deposition of car-
onaceous tar materials during the cooling period after pyrolysis.
hereafter, the water steam activation starts to remove this deposit,
nd as the time increases, the tar elimination will be enhanced as
reviously explained when the burn-off percent increased. Then,
nce all the tar is removed from the pores, it seems that the steam
ction starts to modify the pore morphology mainly by transform-
ng the micropores onto mesopores, which is in agreement with
he BJH analysis.

.5. Comparison between the porous properties of P. oceanica

erived carbonaceous materials and those prepared from other
ioresources

Both P. oceanica derived char and PAC were compared with those
roduced from other biological precursors, in order to situate the

hysically activated carbon produced at 600 ◦C for 300 min.
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Fig. 13. SEM images of P. oceanica derived carbons physically activated at various times: 20 min (A), 120 min (B), 300 min (C) and 720 min (D).

Table 6
Comparison of surface and porous texture parameters of pyrolyzed chars derived from P. oceanica fibres and other bioressources.

Pyrolyzed chars derived from: BET surface (m2/g) Vmicro (cm3/g) Vmeso (cm3/g) Average pore width (nm) References

P. oceanica fibres (600 ◦C/1 h) 111 0.004 0.028 16.99 This study
Date stones (600 ◦C/1 h) 50 0.20 NA NA [32]
Chicken manure (600 ◦C/5 h) 4 < 0.01 NA 8.8 [25]
Jute fibres (950 ◦C/2 h) 2 0 0 NA [34]
Coconut fibres (950 ◦C/2 h) 1 0 0 NA [34]

NA: not available.

Table 7
Comparison of surface and porous texture parameters of physically activated carbons derived from P. oceanica fibres and other bioressources.

Physically activated carbons derived from: BET surface (m2/g) Vmicro (cm3/g) Vmeso (cm3/g) Average pore width (nm) References

P. oceanica fibres (600 ◦C/5h) 615 0.021 0.118 13.09 This study
Date stones (600 ◦C/6 h) 514 0.673 NA NA [32]
Vetiver roots (820 ◦C/4 h) 576 0.220 0.090 1.35 [3]
Eucalyptus wood (880 ◦C/2.5 h) 1042 0.393 NA NA [33]
Rice husk (880 ◦C/2.5 h) 194 0.072 NA NA [33]
Chicken manure (800 ◦C/0.5 h) 788 0.290 NA 2.02 [25]
Jute fibres (950 ◦C/0.5 h) 657 0.289 0.070 NA [34]
Coconut fibres (950 ◦C/0.5 h) 534 0.238 0.013 NA [34]
Sugarcane bagasse (900 ◦C/5 h) 860 0.460 NA 0.60 [35]

NA: not available.
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se of this marine fibre to produce carbonaceous adsorbents. Such
omparison is based ion the surface area and the generated porous
tructure.

Dealing with chars, Table 6 shows that the pyrolysis of P. ocean-
ca fibres, without any further activation, is able to induce a porous
tructure. At this stage, other bioresources are unable to do so (i.e.
ase of jute and coconut fibre [34]). For the other precursors, which
re able to create pores after the pyrolysis step, the P. oceanica
erived char are characterised by both major mesoporous structure
nd relatively high inner surface (cf. Table 6).

On the other, a comparative study on both surface area and
orous properties was realised between P. oceanica derived PACs
nd those prepared from other biomaterials. Results of this compar-
son are illustrated in Table 7. As shown, the physical activation of P.
ceanica fibres produces PAC with a surface area of about 615 m2/g,
hich is an average value compared to the compared PAC sam-
les. However, the main characteristic of the posidonia PAC is the
ell-developed mesopores with an average pore width of 13.1 nm.

. Conclusions

In this research, renewable, highly available and low cost Posi-
onia oceanica marine fibres were investigated as precursor for
yrolysed and physically activated carbons preparation. The char-
cterisation of the raw biomass showed that the major component
as holocellulose (almost 60% of the dry weight) with 27% of lignin.

hen, based on the XPS, BET, BJH and SEM analysis, the results
evealed that the pyrolysis starts to generate the porous structure
nd the water steam activation enhance the pore creation process.
ndeed, starting from a BET surface of about 111 m2/g for a char
ample (pyrolysed at 600 ◦C for 1 h) the physical activation tends
o enhance the development of the porous structure and there-
fter increase the overall surface area, which reaches its high value
615 m2/g) after 300 min of activation. Once the activation time is
ncreased further (720 min), the BET surface decreases to 313 m2/g.
uch phenomenon could be related to the eventual collapse of some
ore walls in the core of the fibre. Besides, the BJH analysis revealed
hat most of the P. oceanica derived PACs had an inner mesoporous

orphology.
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